Light utilization efficiency and quantum yield of phytoplankton in a thermally stratified temperate sea were evaluated. Underwater spectral irradiance was measured with a specially designed underwater irradiance meter and the specific absorption coefficient of phytoplankton was determined by a modified opal glass method. The light utilization efficiency of phytoplankton at each depth was derived from photosynthetically fixed energy divided by the energy penetrating into that depth, and quantum yield was estimated from photosynthetic rate divided by quanta absorbed by phytoplankton. Vertical profiles of in situ photosynthetic rates per unit volume of water showed two peaks, the first at the depth of about 30% light level (ca. 45,000 cal m-2 h-l) and the second at the depth of about 1.5% light level (ca. 2,500 cal m-2 h-r) with about the same rates. The light utilization efficiency was about 0.5% at the first peak and 5% at the second, The quantum yield was about 0.02 mol C Einst-' at the surface peak and 0.1 at the subsurface peak. The latter value was nearly the same as the maximum yield reported from culture experiments.
Two primary factors control the photosynthetic efficiency of phytoplankton in aquatic environments.
One is the basis of energy transfer efficiency in the ecosystem: the photosynthetic organisms as primary producers are the only ones to capture light energy and convert it to chemical energy with some efficiency. This chemical energy then supports the entire ecosystem. The other lies in physiological properties that determine survival or domination of phytoplankton under natural conditions. For example, species having high photosynthetic efficiency at low light intensities can survive in light-limited deep water. Light utilization efficiency (E) is described by the equation E = PSR/PAR, x K
(1) where PSR is photosynthetically stored radiation (cal m-3 h-l), PAR, (cal m-2 h-l) is photosynthetically available radiation within the range of 350-700 nm, and K(m-I) is the attenuation coefficient for PAR, (Mor This study was supported by the Science and Technology Agency of Japan, the Ministry of Education, Science and Culture, Japan (grant-in-aids for Special Project Research 58 108011, and for Scientific Rcsearch 58480007), the Japan Society for the Promotion of Science, and the U.S. National Science Foundation. rel1978). PSR can be derived from the photosynthetic rate (P, mmol C m-3 h-l) multiplied by a conversion factor of 112 on the assumption that all photosynthate is glucose. P and PAR, x K are obtained by in situ experiments. The quantum yield of photosynthesis ($, mol C Einst-l) is derived from the photosynthetic rate based on chlorophyll a, P' [mmol C (mg Chl 
557 where X is wavelength in nm. Consequently the quantum yield is obtained by measuring three parameters, PAR,, P', and k,. Recent improvements in optical instrumentation have made it possible to determine E, in situ (Kishino and Okami 1984) . R, can also be determined by several direct and indirect approaches (Tyler 1975; Smith and Baker 1978; Morel and Bricaud 198 1; Takematsu et al. 198 1; Dubinsky et al. 1984) , Kishino et al. (1985) have estimated the k, of photosynthetic organisms in the water separately from the nonphotosynthetic particles, although there still remain some drawbacks including the pathlength amplification factor discussed later.
In the present study, light utilization efficiency and quantum yield of phytoplankton were measured under natural conditions. Particular attention was given to determining underwater spectral irradiance with a specially designed optical instrument (Kishino and Okami 1984) which gives a more precise estimate of the radiant energy field. We also tried to determine k, precisely by the modified opal glass technique (Kishino et al. 1985) . A well stratified, open ocean environment was chosen for the experimental site, where phytoplankton was considered to be well adapted to the different light environments occurring vertically.
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Methods
Field experiments were conducted at station F (3 1 .O"N, 134.9"E) off Shikoku Island during a cruise (KH-82-3) of the RV Hakuho-Maru of the Ocean Research Institute,
University
of Tokyo, on 27 and 30 June 1982.
Total irradiance at the sea surface was continuously monitored by a pyranometer on the upper deck. Instantaneous underwater downward spectral irradiance [Ed(X), PW cm-2 nm-'] was determined at 2-nm intervals between 350 and 750 nm by an underwater irradiance meter (Kishino and Okami 1984) . Each scan took 4 s to cover the entire spectrum, and about five separate scans were made at each depth. The total instantaneous irradiance and quanta in PAR were obtained using the data from the irradiance meter: 
E,(h) = E,(h)h/hc,
where E,(X) represents downward spectral quanta in quanta cm-2 s-l nm-l. Constants of 8.6 in Eq. 5 and 5.98 x lo-l4 in Eq. 6 are conversion factors from watts to calories and from quantum to Einstein units.
The specific absorption coefficient of total phytoplankton at each wavelength in the water was determined by a modified opal glass technique (Kishino et al. 1985) . Five liters of seawater samples were filtered onto a 24-mm glass-fiber filter (Whatman GF/F) and the light absorption [A,(X)] of the particles retained on the filter was measured directly at wavelengths between 340 and 740 nm using a spectrophotometer (Shimadzu MPS-5000). A wet glass-fiber filter paper was used as reference. The absorption coefficient of particles at each wavelength, [a,(X), m-'1, was derived by the relation a,(x) = 2.3A,(X)lX (8) in which X (m) is pathlength (volume of seawater/filtering area of filter) and 2.3 is a conversion factor for the natural logarithm. After the measurement, the filter paper was extracted with absolute methanol for 30-60 min, and the light absorption at each wavelength, A,(X) of the decolorized filter paper was again measured. The absorption coefficient due to possible nonphotosynthetic particles at each wavelength [ad?(X), m-'1 was obtained as follows: To estimate the actual absorption in the water, we corrected the value obtained in the opal glass technique by using the pathlength amplification factor, ,6 (Kiefer and SooHoo 1982) . The correction factor of 2.45, obtained in a coastal water off Shimoda, was applied in our study regardless of the differences in wavelength distribution (Kishino et al. 1985) . Conversion from a,,(X) to k,(X) was then made:
k,(h) = a,,(A)/p x Chl (11) where Chl is chlorophyll a concentration (mg m-3).
The photosynthetic rate of phytoplankton was measured by the in situ and the simulated in situ methods using a nonradioactive 13C-technique (Hama et al. 1983) . Samples were collected with a 20-liter Nis- kin bottle before sunrise and dispensed into 500-ml Pyrex glass bottles. After the addition of NaH13C03, the bottles were suspended at given depths or placed in the incubator with circulating surface water. Incubation was at sunrise to noon, noon to sunset, and sunrise to sunset. The noon-tosunset samples were preincubated in situ until noon before addition of the tracer. Possible changes during preincubation cannot be ignored, particularly for the later samples in the in situ experiments. However, we paid most attention to the origin of the water samples, because there was no certainty of having the same kind of water if samples were collected at different times even at the same location. The depth of in situ incubations was confirmed within 50 cm for each depth by continuous monitoring with a recording depth meter at 100 m, because incubation depths often shift due to expansion of rope, the combined effects of weight and buoy, and strong currents. After incubation, all samples were immediately filtered onto glass-fiber filters (Whatman GF/F, 47-mm diam), and the content of the 13C was determined by mass spectrometer (ANELBA TE-150). Photosynthetic rate, P, was considered to be net pho- 
Results
Light environment at the study site-Daily changes in incoming solar radiation measured during the incubation period are shown in Fig. 1 . The weather was fine and the sea surface calm on both days, although there were a few more clouds on 27 June. From six measurements of downward irradiance at different times during the in situ incubation, the percentage of surface PAR, was 42.6+0.9% of the incoming surface irradiance determined by the pyranometer; the loss of PAR, at the sea surface was 24.6+ 5.6%, from the PAR, estimates immediately above and below the surface. The penetration of PAR, in the water column varied in the course of the day (Fig. 2) . At 10 m, PAR, varied between 36 and 44%, at 80 m between 0.94 and 1.6%. This daily variation was due to differences in the sun's altitude, sea surface condition, and turbidity of the water. The light penetrating the water was reduced with depth, red light disappeared especially quickly. Blue light around 480 nm was prominent below 20 and 30 m ( al. (198 5) found for several algal species that most phytoplankton pigments absorbing PAR are removed by the methanol treatment (except for phycobilins which occasionally remained in trace amounts) and that there was no significant difference in the absorption spectra of detrital particles before and after the methanol treatment. The differential curve of absorption coefficient for up and ad was compared to the absorption coefficient curve of phytoplankton (a,,) . The ratios of two peaks at 440 and 680 nm on the curves of specific absorption coefficients, k,(X), was about 2.7 for the surface sample; it increased to over 3 for the 10-m sample, and decreased sharply to 2 down to 75-m depth (Fig. 5) . The ratio then increased with further depth and showed a small peak around 100 m. The mean specific absorption coefficient, cc, which was not weighted spectral irradiance, was calculated for the range of PAR by In situ photosynthetic rates -Vertical profiles of chlorophyll a showed a distinct peak of 0.464 mg m-3 at 75 m on 27 June and 0.290 mg m-3 at 80 m on 30 June (Fig.  7) . Chlorophyll concentrations at those depths were almost six times as high on 27 June and four times as high on 30 June as the surface concentrations.
There was no chlorophyll peak in the top 30 m. Two peaks were noted in the profiles of in situ photosynthesis, one near the surface and the other at about 75-m depth (subsurface). The sub- surface peak of photosynthesis was at or immediately above the chlorophyll maximum. However there was no corresponding peak of Chl a near the surface photosynthesis peak. Photosynthesis in the morning (B) was always higher than in the afternoon (C); this was more pronounced at the subsurface chlorophyll maximum depth. The subsurface maximum of photosynthesis was higher than that of the surface maximum in the morning, lower in the afternoon. The daily vertical profile of photosynthesis was intermediate between the morning and afternoon profiles. The subsurface photosynthesis maximum appeared at the depth of subsurface chlorophyll maximum in the morning on 27 June, but shifted to the depth above the chlorophyll maximum in the afternoon.
Light utilization eficiency in situ-The photosynthetic rate measured at each depth was divided by the PAR, penetrating into that depth with Eq. 1, and the light utilization efficiency, 6, was calculated on 27 and 30 June. The results are plotted in Fig. 8 against PAR, measured at each depth. The daily average efficiency (curve A) at the surface was about 0.04% (right-hand side of the figure) and increased rapidly to about 0.5% at the depth of surface photosynthetic maximum. PAR, penetrating into the surface maximum was about 38,000-4 1,000 cal m-2 h-l, which was about 30% of the surface PAR, irradiance.
The efficiency gradually increased further, to 5% at the depth of the subsurface photosynthesis maximum, where PAR, was about 2, lOO-2,400 cal me2 h-l, about 1.3-1.6% of the surface PAR,. The efficiency decreased with increasing depth below the subsurface maximum. The efficiencies at the subsurface depths were about 10 times greater than that at the surface, while the in situ photosynthesis was nearly the same or even less than that of the surface samples. The general pattern of the daily E vs. PAR, curves showed the same form in the experiments on 27 and 30 June. The difference in the two (morning-B; afternoon-C: Fig. 7 ) was also seen in the light utilization efficiency which was normalized to radiant energy (Fig. 8) . The difference in the morning and afternoon may be caused not by the differences in light energy at the two times but may be due to a decrease in photosynthesis of phytoplankton in the afternoon. Such a decrease was greater at deeper depths.
Quantum yield -Photosynthetic quantum yield of phytoplankton is plotted in Fig.  9 against PAR, measured at each depth. Quantum yields were around 0.01 (mol C Einst-l) at the surface (right-hand side of the figure) and increased rapidly and almost linearly with depth to around 0.02 at the depth of the surface maximum. The quantum yields were constant or decreased a little below the depth of the surface maximum, which was more significant on 27 June, and again increased consistently with depth to 0.09 at the subsurface maximum. That maximum of the quantum yield was about five times the surface maximum, which was half compared to the difference occurring in E. This was because of a large accumulation of Chl a in the subsurface maximum depth. The increasing values of quantum yield with depth were nearly the same in the two segments above and below the surface maximum. Below the depths of the subsurface maximum, the quantum yield gradually decreased and then dropped rapidly with depth. The afternoon decrease was clearly observed in the quantum yield, which was normalized to Chl a as well as the radiant energy, and the magnitude of the de-crease was almost the same as that detected in the light utilization efficiency (Fig. 8) . This indicates that the afternoon drop in photosynthesis was not due to the decline in Chl a but to the decrease in quantum yield of phytoplankton. Figure 10 represents the quantum yields of phytoplankton measured by the simulated in situ method. Phytoplankton was collected from several different depths at or near the surface and subsurface maxima. The quantum yield of a sample taken from the 10-m depth was about 0.01-0.02 mol C Einst-l under full sunlight, increased with the decrease in light intensity, and reached a constant value of around 0.05 on 30 June and 0.09 on 27 June, at which the radiant energy was about 100 mEinst m-2 h-l. The quantum yield of the subsurface maximum samples was 0.00 l-0.005 mol C Einst-l under full sunlight and increased rapidly with the decrease in irradiance. The quantum yield of the subsurface maximum sample was higher than that of the surface sample at low light intensities. In the simulated in situ experiment, a decrease of the quantum yield at low light intensities did not appear clearly, as it had in the actual in situ experiment (Fig. 9 ).
Discussion
Determination of the spectral distributions of underwater irradiance by use of an improved underwater spectral radiometer and measurement of the absorption coefficient of phytoplankton by a modified opal glass technique have enabled us to evaluate the light utilization efficiency and quantum yield of phytoplankton under natural conditions.
From frequent measurements of irradiance in the sea, we have confirmed that the daily variation of underwater irradiant energy increases with increasing depth, for example, from 20% at 10 m to 50% at 80 m (about 1% of the surface light level). This may have resulted from a variation in the absorption of underwater ix-radiant energy due to temporal changes in the quantity of the particles. Similar variations were observed in the attenuation coefficient (K). The difference in the attenuation coefficients estimated from PAR, and PAR, was slight and it was only significant near the surface above 10 m.
We have also shown that the estimation of the underwater irradiant energy (PAR,) by the direct reading of conventional underwater quantum meters, such as commonly used LiCor instruments, gives some error when a single conversion factor is applied to various depths. In the blue water that we investigated, PAR, estimated from the quantum energy PAR, was 1 O-l 2% lower than that measured directly. This is true for other types of water, but the range of variation of both estimates will change (Morel and Smith 1974) .
The spectral absorption coefficients of natural phytoplankton cells have been estimated from the spectrum of cultured phytoplankton (Bannister 1979) , the direct measurement of whole suspended particles including both photosynthetic and nonpho-tosynthetic particles (Takematsu et al. 198 1; Dubinsky et al. 1984) , or by indirect estimates which also included photosynthetic and partly nonphotosynthetic particles (Morel 1978) . There was no evaluation of how the culture value gave the real estimate. The last two methods tend to give overestimates due to light absorption by nonphotosynthetic particles, the second generally giving higher values than the first. The spectral absorption coefficient, measured by the modified opal glass technique used here, estimates directly the spectral light absorption of photosynthetic particles suspended in the water (Kishino et al. 1985) . We have estimated fi, in terms of the spectral energy distribution at the depth where k,(X) was determined (see Eq. 4). The importance of this treatment has been stressed by Morel (1978) , Atlas and Bannister (1980) , Kishino et al. (1984) , and Dubinsky et al. (1984) . In many previous studies, however, a value of k, not weighted by spectral irradiance was applied. As shown in Fig. 6 ,_there was a significant difference between &, and & with depth except at the surface. k, tended to be constant regardless of depth, whereas kc increased with depth down to the top 30 m, followed by relatively constant valyes. Below 30 m, kc was 1.6-2.3 times >k,.
Both PAR, and K varied, with the maximum of about 50% in deeper depths during a day in our study. However because PAR, and K compensate for each other in the estimation of E, daily variation of those two parameters does not greatly affect E. Several improvements in the determination of E reported here will give more realistic results than in past studies.
For estimation of the quantum yield of photosynthesis, we improved the determinations of the downward spectral quanta [E,(X) ] and the specific absorption coefficient [k,(X)]. PAR, varied during the day.
The more realistic estimation of the spectral absorption of phytoplankton made by the modified opal glass technique will give estimates of the quantum yield of about 90% those cn past studies, which were derived from kc and a single measurement of the underwater irradiance field at shallow depths. The difference will be further en- hanced by from a half to a third of the past results at greater depths. The vertical distributions of E measured from sunrise to noon and from noon to sunset were almost identical. The values of E were 0.02-0.05% of full sunlight at the surface, 0.3-0.5% at the depth of the surface photosynthesis maximum, 2.5-6.0% at the subsurface chlorophyll maximum, and 0. l-0.8% below 100 m. The surface efficiencies in the offshore open water were similar to those of Morel ( 1978) . However the efficiencies at the subsurface maximum were about 100 times greater than those of the offshore open waters, but similar to those of the Mauritanian upwelling system. High efficiencies at greater depths were possibly due to the large accumulation of chlorophyll at the subsurface depths.
The results of experiments on two separate days on the vertical distributions of quantum yield of photosynthesis were similar overall to those of light utilization efficiency. The yields were 0.005-0.0 13 at the surface, 0.013-0.033 at the surface photosynthesis maximum, 0.033-0.094 at the subsurface chlorophyll maximum, and 0.007-0.077 below 100 m. The yields at the depth of the subsurface chlorophyll maximum were very close to the maximum yield obtained experimentally in the laboratory-0.125. However, underwater irradiance measured here was the downward irradiance, which was expected to show about 20% less energy than the scaler irradiance in the sea (Bannister and Weidemann 1984) . Consequently the quantum yield under sca-lar irradiance will be reduced to about 80% of the values obtained here. Nevertheless, it is obvious that the phytoplankton at the subsurface chlorophyll maximum depth have a high photosynthetic activity. Below the depths of the subsurface chlorophyll maximum the quantum yields decreased with depth, especially in the afternoon. Two possible reasons for such a decrease are photosynthetic activity of phytoplankton at deeper depths and a relative increase of respiration under low light conditions. In the simulated in situ experiments, no decrease of quantum yield was observed even at low light intensities (Fig. 10) . This suggests that the decrease of quantum yield at deeper depths resulted from the possible decrease in photosynthetic activity.
The vertical differences of light utilization efficiency were nearly 300-fold, those of quantum yields about 20-fold, a difference of about an order of magnitude greater in the former than in the latter. Each term of the right-hand side of Eq. 13 was examined at each depth (Table 1 ). The PAR, : PAR, ratio varied by < 15% at the most, the value of E, Chl : K by about 25 times. Thus the vertical difference between c and quantum yield was due mainly to the difference in the latter term, which indicates the relative proportion of light absorption of phytoplankton in the total light absorption of the water. The contribution of phytoplankton particles to light absorption was only 1.7% at the surface and increased > 40% at the depth of the subsurface chlorophyll maximum.
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